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HOHPHQW PRPHQWXP WKHRU\ %(07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WKH QXPHULFDO DSSURDFK GHYHORSHG E\ WKH DXWKRUV LV YDOLG DV D UHOLDEOH WRRO IRU GHVLJQLQJ
DQG DQDO\VLQJ WKH 8$9VL]HG SURSURWRU PDGH RI FRPSRVLWH PDWHULDO 7KH SURSRVHG H[SHULPHQW
WHFKQLTXH LV DOVR FDSDEOH RI SURYLGLQJ D SUHGLFWLYH DQG UHOLDEOH GDWD LQ EODGH JHRPHWU\ DQG
SHUIRUPDQFH IRU URWRU PRGHV
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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%LRJUDSKLFDO QRWHV )D]LOD 0RKG=DZDZL UHFHLYHG KHU %DFKHORU GHJUHH LQ 0HFKDQLFDO
(QJLQHHULQJ IURP WKH 8QLYHUVLWL 7HNQRORJL 0DOD\VLD 870 LQ  DQG 0DVWHU GHJUHH LQ
$HURQDXWLFDO (QJLQHHULQJ IURP WKH ,QVWLWXW 6XSH´ULHXU GH O¶$H´URQDXWLTXH HW GH O¶(VSDFH ,6$(
7RXORXVH )UDQFH LQ  6KH LV FXUUHQWO\ GRLQJ KHU 3K' DW WKH VDPH XQLYHUVLW\ DV ZKHUH
VKH GLG KHU PDVWHU VWXGLHV UHVHDUFKLQJ RQ DHURHODVWLF RI IOH[LEOH EODGHV IRU WLOWERG\ PLFUR DLU
YHKLFOHV 0$9 SURSURWRUV %HIRUH VWDUWLQJ ,6$( JUDGXDWH VFKRRO VKH ZRUNHG RQH \HDU DW 870
XQGHU WKH 'HSDUWPHQW RI $HURQDXWLFV DV DQ $VVLVWDQW /HFWXUHU :LWKLQ WKDW RQH \HDU VKH ZDV
LQYROYHG LQ UHVHDUFK RQ DHURG\QDPLF RI KHDY\ZHLJKW YHKLFOHV XQGHU WKH HIIHFW RI FURVVZLQG
DOVR RQ 0DOD\VLDQ 1DWLRQDO &DU FDOOHG 3URWRQ EHVLGHV JLYLQJ OHFWXUHV DQG WXWRULDO FODVVHV WR
EDFKHORU VWXGHQWV 6KH LV JRLQJ WR FRQWLQXH VHUYLQJ DV D /HFWXUHU DW 870 RQFH VKH ILQLVKHG KHU
3K' +HU UHVHDUFK LQWHUHVWV LQFOXGH 0$9 GHVLJQ DHURG\QDPLF DSSOLFDWLRQV SURSURWRU DHURHODVWLF
DQDO\VLV DQG GHVLJQ RSWLPLVDWLRQ FRPSXWDWLRQDO IOXLG G\QDPLFV &)' FRPSXWDWLRQDO VWUXFWXUDO
G\QDPLFV &6' DQG 0$9¶V SURSXOVLRQ V\VWHPV
3HQJ /Y LV FXUUHQWO\ VWXG\LQJ IRU 3K' LQ KLV WKLUG \HDU DW ,QVWLWXW 6XSH´ULHXU GH O¶$H´URQDXWLTXH
HW GH O¶(VSDFH RI )UDQFH ,6$( UHVHDUFKLQJ RQ WKH IOH[LEOH SURSURWRU EODGHV RI 0$9 IRFXVLQJ
RQ WKH H[SHULPHQWDO DVSHFW +H REWDLQHG KLV 0DVWHU GHJUHH IURP 1RUWKZHVWHUQ 3RO\WHFKQLFDO
8QLYHUVLW\ &KLQD LQ  +LV UHVHDUFK LQWHUHVWV LQFOXGH IORZ ILHOG VWDWLRQDU\ GHIRUPDWLRQ DQG
G\QDPLFV RI URWDWLQJ IOH[LEOH EODGHV
6HEDVWLHQ 3URWKLQ¶V UHVHDUFK IRFXVHV RQ WKH DSSOLFDWLRQ RI PXOWLGLVFLSOLQDU\ DSSURDFKHV WR WKH
GHYHORSPHQW RI URWRU FXWWLQJHGJH WHFKQRORJLHV DW 0$9 VFDOH ZLWK HPSKDVLV RQ DHURG\QDPLFV
+LV FXUUHQW UHVHDUFK SURMHFWV ZLWKLQ WKH $30' JURXS DW ,6$( LQFOXGH HOHFWURDFWXDWHG URWRU
EODGHV SDVVLYHO\DGDSWLYH URWRU EODGHV ELRLQVSLUHG QDQRURWRUV IODSSLQJURWRUV DQG FRQILQHG
URWRUV +H GHYHORSHG VNLOOV LQ H[SHULPHQWDO IOXLG PHFKDQLFV ZLQG WXQQHO ORDGV DQG 3,9
PHDVXUHPHQWV DQG VWUXFWXUDO DQDO\VLV GHIRUPDWLRQ DQG GLVSODFHPHQW PHDVXUHPHQWV
-RVHSK 0RUOLHU LV FXUUHQWO\ D 3URIHVVRU LQ 6WUXFWXUDO 0HFKDQLFV DW ,6$( +H VWDUWHG ZRUNLQJ
IRU ,6$(683$(52 LQ 1RYHPEHU  DV DQ $VVRFLDWH 3URIHVVRU LQ 6WUXFWXUDO 0HFKDQLFV
DQG 6WUXFWXUDO '\QDPLFV )URP 6HSWHPEHU  WR -XQH  KH ZDV /HFWXUHU LQ 6FLHQWLILF
&RPSXWLQJ DQG 0DWUL[ &RPSXWDWLRQV DW 8QLYHUVLW\ RI %RUGHDX[  +H ZDV LQYLWHG DV D
5HVHDUFKHU DW /,$0$ 6LQR )UHQFK /DERUDWRU\ LQ &RPSXWHU 6FLHQFH $XWRPDWLRQ DQG $SSOLHG
0DWKHPDWLFV %HLMLQJ &KLQD LQ 6XPPHU  +H VXFFHVVIXOO\ GHIHQGHG KLV 3K' WLWOHG
µ0RGH VKDSH DQDO\VLV XVLQJ VLJQDO SURFHVVLQJ IRU LQ VLWX VWUXFWXUDO GLDJQRVLV¶ LQ 'HFHPEHU
 ,Q 1RYHPEHU  KH UHFHLYHG KLV 0DVWHU¶V GHJUHH LQ 0HFDWURQLFV DQG 6LJQDO
3URFHVVLQJ IURP 8QLYHUVLW\ RI %RUGHDX[  +LV FXUUHQW UHVHDUFKHV DW ,6$( DQG ,QVWLWXW &OH´PHQW
$GHU IRFXV RQ VWUXFWXUDO KHDOWK PRQLWRULQJ GDPDJH LGHQWLILFDWLRQ LQ FRPSRVLWHV SDWWHUQ
UHFRJQLWLRQ VWUXFWXUDO DQG PXOWLGLVFLSOLQDU\ RSWLPLVDWLRQ VXUURJDWH PRGHOOLQJ PRGHO XSGDWLQJ
IOXLG VWUXFWXUH LQWHUDFWLRQ DQG PRGDO LGHQWLILFDWLRQ YLEUDWLRQ VLJQDO SURFHVVLQJ PRGH VKDSH
LGHQWLILFDWLRQ
-HDQ0DUF 0RVFKHWWD LV D 3URIHVVRU RI $HURG\QDPLFV LQ WKH 'HSDUWPHQW $HURG\QDPLFV
(QHUJHWLFV DQG 3URSXOVLRQ DW WKH ,QVWLWXW 6XSH´ULHXU GH O¶$H´URQDXWLTXH HW GH O¶(VSDFH ,6$( +H
JUDGXDWHG IURP 683$(52 LQ  +H UHFHLYHG KLV 3K' LQ  DQG UHFHLYHG WKH +DELOLWDWLRQ
WKHVLV LQ  ,Q ± KH ZDV LQYLWHG DV D 9LVLWLQJ 3URIHVVRU DW &DOWHFK &DOLIRUQLD ,Q
 KH IRXQGHG WKH 0LFUR $LU 9HKLFOH 5HVHDUFK &HQWUH LQ 7RXORXVH ZKLFK QRZ QHWZRUNV QLQH
UHVHDUFK ODERUDWRULHV LQYROYHG LQ 0$9 WHFKQRORJLHV
(PPDQXHO %HQDUG ZRUNV LQ WKH $HURG\QDPLFV DQG 3URSXOVLRQ 'HSDUWPHQW RI WKH ,QVWLWXW
6XSH´ULHXU GH O¶$H´URQDXWLTXH HW GH O¶(VSDFH RI )UDQFH ,6$( RQH RI WKH PRVW SURPLQHQW
DHURVSDFH VFKRROV LQ (XURSH +H LV WKH /HDGHU RI WKH $GYDQFHG $HURG\QDPLFV DQG )ORZ
&RQWURO UHVHDUFK JURXS DQG KDV \HDUV RI H[SHULHQFH LQ H[SHULPHQWDO IOXLG G\QDPLFV DQG XQVWHDG\
DHURG\QDPLFV
 ,QWURGXFWLRQ
7LOWURWRU DLUFUDIW KDV EHHQ GHYHORSHG WR EH PXOWLIXQFWLRQDO
LQ RUGHU WR RIIHU D ZLGH UDQJH RI VHUYLFHV ,W FDQ IO\
LQ ERWK RI KRYHU DQG IRUZDUG IOLJKW ,Q HDUO\ V
WLOWURWRU DLUFUDIW KDV VWDUWHG WR EH GHYHORSLQJ ;9 RI %HOO
FRPSDQ\ RSHUDWHG ILUVW WUDQVLWLRQ IURP KRYHU WR IRUZDUG
IOLJKW ,Q V ;9 ZDV GHYHORSHG E\ %HOO FRPSDQ\
WR GHPRQVWUDWH WKH IHDVLELOLW\ RI WLOWURWRU FRQFHSW 7KHQ
LW ZDV PRYHG WR 1$6$ DQG WKH 86 $UP\ IRU IXUWKHU
VWXG\ LQ DHURHODVWLFLW\ 7KH VXFFHVV RI ;9 OHG WR WKH
SURMHFW RI 9 9 LV WKH ZRUOG¶V ILUVW SURGXFWLRQ
WLOWURWRU DLUFUDIW /LNHZLVH WKH WLOWERG\ FRQFHSW RI W\SLFDO
DLUFUDIW DWWUDFWV LQWHUHVW RI UHVHDUFKHUV ZKR DUH ZRUNLQJ RQ
0$9V ,Q  WKH HIIRUWV RQ WKH DHURG\QDPLF GHVLJQ
RI D WLOWERG\ 0$9 QDPHG PLQL9HUWLJR ZDV LQWURGXFHG
6KNDUD\HY HW DO  7KH UHVXOWV REWDLQHG LQ WKH VWXG\
ZHUH UHDOLVHG LQ WKH GHVLJQ RI D SURWRW\SH RI WLOWERG\
0$9 ZKLFK ZDV VXFFHVVIXOO\ WHVWHG LQ IOLJKW :LWK UHVSHFW
WR D SURSURWRU IRU WLOW FRQFHSW DLUFUDIW LQ KRYHU WKH
LQIORZ YHORFLW\ LV VPDOO DQG WKH SURSURWRU PXVW SURYLGH
KLJK WKUXVW WR VXSSRUW DLUFUDIW ZHLJKW %\ FRQWUDVW LQ
IRUZDUG IOLJKW WKH LQIORZ YHORFLW\ LV UHODWLYHO\ ODUJH DQG
WKH ORZ WKUXVW LV MXVW WR RYHUFRPH WKH GUDJ 7KH GLIIHUHQFH
LQ WKH LQIORZ DQG WKUXVW UHTXLUHPHQW EHWZHHQ WKH WZR
IOLJKW PRGHV VXJJHVWV GLIIHUHQW EODGH WZLVW DQG FKRUG
GLVWULEXWLRQV 0F9HLJK DQG 5RVHQVWHLQ  REWDLQHG
WKH WZLVW RI ;9 SURSURWRU WKURXJK OLQHDU LQWHUSRODWLRQ
RI WZLVW EHWZHHQ URWRU DQG SURSHOOHU E\ D FRPSURPLVH
$OWKRXJK WKLV WUDGHRII SURYLGHG DFFHSWDEOH SHUIRUPDQFH
RQ ;9 WKH VWLII SURSURWRU ZLWK FHUWDLQ WZLVW FDQQRW
PD[LPLVH WKH HIILFLHQF\ IRU ERWK IOLJKWV ,Q  D SDVVLYH
EODGH WZLVW FRQWURO PHWKRG IRU WKH SURSURWRU RI ;9
ZDV SURSRVHG 1L[RQ  7KH VWXG\ GHPRQVWUDWHG
VXFFHVVIXOO\ WKH IHDVLELOLW\ RI WKH SDVVLYH EODGH FRQWURO RQ
FRQYHQWLRQDO WLOWURWRU DLUFUDIW 7KH VPDOO SURSURWRUV DOVR
VXIIHU WKH SUREOHP FDXVHG E\ GLIIHUHQW WZLVW EHWZHHQ KRYHU
DQG IRUZDUG IOLJKW +RZHYHU GXH WR WKH VPDOO VL]H RI
0$9 WKH FRPSOH[ WDLORUHG EODGH FURVV VHFWLRQ IRU SDVVLYH
WZLVW FRQWURO EDVHG RQ FRQYHQWLRQDO WLOWURWRU DLUFUDIW LV QRW
DYDLODEOH DQ\PRUH RQ LW 7KHUHIRUH FRPSRVLWH ODPLQDWH
LV H[SORUHG WR EH D PRUH SUDFWLFDO PHWKRG IRU SURSURWRU
EODGH RI 0$9LRQ ZKLFK LV D WLOWERG\ 0$9 GHYHORSHG E\
,6$( GXH WR WKHLU SRWHQWLDO EHQHILWV VXFK DV DHURHODVWLF
WDLORULQJ DELOLW\ WR PDQXIDFWXUH PRUH UHILQHG DHURG\QDPLF
GHVLJQV VLJQLILFDQW HQKDQFHPHQWV LQ IDWLJXH SHUIRUPDQFH
DQG GDPDJH WROHUDQFH RI WKH EODGH 7KH EODGH LV H[SHFWHG
WR EH GHIRUPHG LQ WRUVLRQ XQGHU GLIIHUHQW DLUORDGV DQG
VWUXFWXUDO ORDGV ,Q WKLV VWXG\ D SDVVLYH WZLVW FRQWURO LV
FRQVLGHUHG DV D SRWHQWLDO ZD\ WR LPSURYH WKH RYHUDOO IOLJKW
HIILFLHQF\ RI 0$9 SURSURWRU DV LW LV H[SHFWHG E\ QXPHULFDO
GHVLJQ WR RIIHUV ∼ 30 LQFUHPHQW RI WRWDO HIILFLHQF\ LQ
KRYHU DV FRPSDUHG WR WKH SURSURWRU GHVLJQHG LQ WDUJHWHG
FUXLVH SRLQW 0RKG=DZDZL HW DO  +HQFH WKLV SDSHU
LV DLPHG DW GHYHORSLQJ DQ HYDOXDWLRQ RI GHVLJQ WHFKQLTXHV
RI D FRPSRVLWH IOH[LEOH SURSURWRU
 1XPHULFDO PRGHO
 $HURG\QDPLF PRGHO )3523
7KH DHURG\QDPLF PRGHO EDVHG RQ %(07 LV XVHG DV D WRRO
WR FRPSXWH WKH DHURG\QDPLF ORDGLQJV LQ WHUPV RI OLIW IRUFH
GUDJ IRUFH DQG SLWFKLQJ PRPHQW DURXQG TXDUWHU RI WKH FKRUG
GLVWULEXWHG LQ VSDQZLVH 7KH TXDVLVWHDG\ DHURG\QDPLF
ORDGLQJ LV FDOFXODWHG XVLQJ D WZRGLPHQVLRQDO DHURG\QDPLF
WKHRU\ LQ D VWULSPDQQHU ,Q WKH DHURG\QDPLF PRGHOOLQJ
IRU ERWK IRUZDUG IOLJKW DQG KRYHU FDVH WKH FODVVLFDO
%(07 LV XVHG ,Q WKLV PRGHO WKH IORZ DQJOH LV LWHUDWLYHO\
FRPSXWHG XQWLO WKH FRQYHUJHQFH FULWHULD DUH UHDFKHG 7KLV
LWHUDWLYH DQDO\VLV SURFHGXUH GHWHUPLQHV WKH FKDUDFWHULVWLFV
RI D JLYHQ SURSURWRU CT  CP  DQG LWV FRUUHVSRQGLQJ
SHUIRUPDQFH >ηproprotor IRUZDUG IOLJKW FDVH RU FM KRYHU
FDVH@ 7KH D[LDO LQGXFHG YHORFLW\ viaWDQJHQWLDO LQGXFHG
YHORFLW\ vit DQG 5H\QROGV QXPEHU 5H GHSHQGLQJ RQ
WKH RSHUDWLQJ FRQGLWLRQ DUH DOVR LWHUDWLYHO\ FRPSXWHG LQ WKH
DQDO\VLV SURFHVV 7KH %(07 SURFHGXUH RI )3523 LV VKRZQ
DV D EORFN GLDJUDP LQ )LJXUH  DQG WKH GHWDLOHG HTXDWLRQV
IRU ERWK IOLJKW PRGHV DUH GHVFULEHG LQ 6XEVHFWLRQ 
,Q WKH FODVVLFDO DSSURDFK RI ORZ RUGHU SURSURWRU DQDO\VLV
GLIIHUHQW DVVXPSWLRQV DUH XVHG LH OLIW SRODU LV D OLQHDU
IXQFWLRQ LQ RUGHU WR REWDLQ D FORVHG ORRS VROXWLRQ RU HYHQ
WR TXLFNO\ FRQYHUJH WKH LWHUDWLYH SURFHVV +HQFH LQ RUGHU
WR FRQVLGHU QRQOLQHDU DLUIRLO FKDUDFWHULVWLFV SUHYDOHQW LQ
ORZ 5H\QROGV QXPEHU UHJLPH 5H < 70, 000 ;)2,/ DQ
DLUIRLO DQDO\VLV FRGH GHVLJQHG IRU ORZ 5H\QROGV QXPEHU
GHYHORSHG E\ 'UHOD  ZDV LQWHJUDWHG LQWR WKH GHVLJQ
LWHUDWLYH SURFHVV WR HOLPLQDWH WKLV DVVXPSWLRQ DV ZHOO DV WR
SUHFLVHO\ FRPSXWH WKH DHURG\QDPLF FRHIILFLHQWV
)LJXUH  %(07 SURFHGXUH LQ )3523
,W LV NQRZQ WKDW WKH DLUIRLO SHUIRUPDQFH LV GHSHQGHQW
WR 5H\QROGV QXPEHU 7KH DHURG\QDPLFV RI DLUIRLOV YDULHV
UDSLGO\ ZLWK WKHLU FRQILJXUDWLRQ ZKHQ WKH 5H\QROGV QXPEHU
LV RQ WKH RUGHU RI 105 )URP WKH H[SHULPHQWV GRQH E\
-RQHV  VKRZHG WKDW D WKLQ IODW SODWH LV LQIHULRU
WR D FRQYHQWLRQDO VKDSHG DLUIRLO ZKHQ 5H   × 105
EXW VXSHULRU ZKHQ 5H   × 104 6XQDGD HW DO 
FRQFOXGHG WKDW D IODW SODWH ZLWK D WKLFNQHVV UDWLR RI 
KDV ODUJHU OLIW VORSH WKDQ FRQYHQWLRQDO VWUHDPOLQHG DLUIRLOV
+HQFH GXH WR WKH PHQWLRQHG IDFW IODW SODWH SURILOH ZDV
FKRVHQ WR EH XVHG LQ WKH EODGH IRU 0$9 2WKHU WKDQ
WKDW WKH XVH RI IODW SODWH LQ WKLV VWXG\ LV GXH WR WKH IDFW
WKDW WKH FRPSRVLWH ODPLQDWH ZDV HPSOR\HG WR HQDEOH WKH
EODGH GHIRUPDWLRQ IRU WKH SXUSRVH RI SURSURWRU SHUIRUPDQFH
HQKDQFHPHQW )ODW SODWH DOVR FDQ UHGXFH LWV VHQVLWLYLW\ WR
WKH WXUEXOHQFH OHYHO YDULDWLRQ +HLQ DQG &KRSUD 
DV FDQ EH LOOXVWUDWHG LQ )LJXUHV  DQG  ,Q WKLV UHVSHFW
WKH ncrit SDUDPHWHU XVHG WR GHILQH WKH WXUEXOHQFH OHYHO
LQ ;)2,/ FDQ EH VHW DV  IRU ERWK IOLJKW PRGHV
+RZHYHU WR REWDLQ D PRUH SUHFLVH HYDOXDWLRQ RI SURSURWRU
FKDUDFWHULVWLFV LQ IRUZDUG IOLJKW ncrit ZDV VHW DV  7KH
GHYHORSHG LWHUDWLYH SURFHVV RI DQDO\VLV SURFHGXUHV XVLQJ
%(07 PHWKRG ZDV YDOLGDWHG ZLWK WKH 43523 'UHOD
 DQG WKH H[SHULPHQWDO PHDVXUHPHQW
 %ODGH HOHPHQW PRPHQWXP WKHRU\
7KH PRPHQWXP WKHRU\ LV DQ LQWHJUDO DSSURDFK ZKHUH WKH
FRQWURO YROXPH LV VSOLW LQWR HOHPHQWV DV VKRZQ LQ )LJXUH 
)LJXUH  $HURG\QDPLF FRHIILFLHQWV RI IODW SODWH DW 5H  
VHH RQOLQH YHUVLRQ IRU FRORXUV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)LJXUH  $HURG\QDPLF FRHIILFLHQWV RI 1$&$ DW
5H   VHH RQOLQH YHUVLRQ IRU FRORXUV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)LJXUH  &RQWURO YROXPH LQ PRPHQWXP WKHRU\
$FFRUGLQJ WR WKH PRPHQWXP WKHRU\ RI SURSHOOHU WKH D[LDO
FRPSRQHQW RI YHORFLW\ LQ WKH SODQH RI SURSHOOHU LV V (1 +
a) ZKHUH D LV WKH D[LDO LQWHIHUHQFH IDFWRU DQG WKH D[LDO
FRPSRQHQW RI YHORFLW\ IDU EHKLQG SURSHOOHU LV V (1 + 2a)
0DVV IORZ WKURXJK WKH DQQXOXV RI WKH GLVF LV GHILQHG E\
HTXDWLRQ 
m′ =
dm
dr
= 2pirρV (1 + a) 
)LJXUH  6LPSOH DFWXDWRU GLVF WKHRU\
7KUXVW dT RI WKH DQQXOXV FDQ EH H[SUHVVHG DV 2V aFdm
ZKHUH F LV PRPHQWXP ORVV IDFWRU FRUUHFWLRQ IRU WKH
PRPHQWXP ORVVHV GXH WKH SURSHOOHU EODGH WLS HIIHFW ,Q
RUGHU WR DYRLG XQFRQYHUJHG VROXWLRQ IRU URWRU FDVH V = 0
GXH WR WKH OLQNHG WHUP RI LQWHUIHUHQFH IDFWRU ZLWK WKH LQOHW
YHORFLW\ D[LDO LQGXFHG YHORFLW\ via LV VROYHG LQ )3523
LQVWHDG RI LQWHUIHUHQFH IDFWRU 7KHUHIRUH WKUXVW DFWLQJ RQ WKH
DQQXOXV FDQ EH H[SUHVVHG E\ HTXDWLRQ 
T ′ =
dT
dr
= 2pirρ(V + via)(2viaF ) 
$FFRUGLQJ WR WKH PRPHQWXP WKHRU\ RI SURSHOOHU UDGLDO
FRPSRQHQW RI YHORFLW\ LQ WKH SODQH RI WKH SURSHOOHU LV
Ωr(1− a′) ZKHUH a′ LV WKH UDGLDO LQWHIHUHQFH IDFWRU DQG
UDGLDO FRPSRQHQW RI YHORFLW\ IDU EHKLQG WKH SURSHOOHU LV
Ωr(1− 2a′) 7RUTXH QHHGHG IRU URWDWLRQ RI WKH DQQXOXV FDQ
EH H[SUHVVHG E\ 
Q′
r
= d
Q
r
dr
= 2pirρ(V + via)(2vitF ) 
ZKHUH vit LV WKH WDQJHQWLDO LQGXFHG YHORFLW\
$Q H[SUHVVLRQ IRU WKH HOHPHQWDO WKUXVW DQG WRUTXH
JHQHUDWHG E\ D EODGH HOHPHQW FDQ EH ZULWWHQ DV LQ
HTXDWLRQV  DQG  UHVSHFWLYHO\
T ′ = L′ FRVφ−D′ VLQφ = L′ FRVφ(1− ε WDQφ) 
Q′
r
= L′ VLQφ+D′ FRVφ = L′ VLQφ(1 + ε WDQφ) 
ZKHUH L′ LV WKH OLIW HOHPHQWDO OLIW D′ LV WKH HOHPHQWDO
GUDJ DQG ε LV WKH HOHPHQWDO GUDJWROLIW UDWLR ZKRVH WKH
UHVSHFWLYH H[SUHVVLRQV DUH DV IROORZ
L′ =
1
2
ρcLcW
2dr 
D′ =
1
2
ρcDcW
2dr 
ZKHUH : LV WKH UHVXOWDQW YHORFLW\
ε = D′/L′ 
)LJXUH  %ODGH HOHPHQW WKHRU\
&RPELQLQJ WKH EODGH HOHPHQW WKHRU\ DQG PRPHQWXP WKHRU\
UHVXOWV LQ WKH %(07 DQG DOORZV WR GHWHUPLQH WKH UHDO DQJOH
RI DWWDFN DQG LQIORZ YHORFLW\ DQG WKXV WKH UHDO WKUXVW DQG
WRUTXH RI WKH URWRU
6LQFH WKH %(07 GRHV QRW LQFRUSRUDWH WKH UHGXFHG OLIW
GLVWULEXWLRQ FORVH WR WKH WLSV WKXV D WLS ORVV PRGHO KDV WR
EH XVHG WR FRYHU WKLV HIIHFW ,Q )3523 FRGH WKH 3UDQGWO¶V
DSSURDFK LV XVHG 7KH 3UDQGWO UHODWLRQ WKDW UHSUHVHQWV WKH
PRPHQWXP ORVV IDFWRU LV GHVFULEHG DV
F =
2
pi
DUFFRV(ef ) 
f =
B
2
(
1−
r
R
) 1
λw

λw =
r
R
tanφ 
 9DOLGDWLRQ RI )3523
)RU YDOLGDWLRQ SXUSRVHV D EODGHG URWRU ZLWK UHFWDQJXODU
SODQIRUP R   P c   P IODW SODWH EODGH
SURILOH ZLWK WKLFNQHVV t/c   DQG EODGH SLWFK RI
25◦ ZDV XVHG LQ WKH DHURG\QDPLF PRGHO YDOLGDWLRQ IRU D
FDVH ZLWKRXW LQIORZ KRYHU FDVH 0HDQZKLOH WKH SURSHOOHU
$3&  ×  ZDV XVHG WR YDOLGDWH WKH )3523 IRU IRUZDUG
IOLJKW FDVH 7KH LQIORZ YHORFLW\ ZDV  PV 7KH UHVXOW
YDOLGDWLRQ RI %(07 IRU KRYHU DQG IRUZDUG IOLJKW FDVHV LQ
WHUPV RI WKUXVW DQG WRUTXH DUH VKRZQ LQ )LJXUHV  DQG 
UHVSHFWLYHO\ )URP WKH YDOLGDWLRQ UHVXOW LW LV IRXQG WKDW WKH
GHYHORSHG %(07 PHWKRG ZLWK WKH LQWHJUDWLRQ RI ;)2,/
VKRZV EHWWHU DJUHHPHQW ZLWK WKH H[SHULPHQWDO PHDVXUHPHQW
FRPSDUHG WR 43523 43523 D SURSHOOHU DQDO\VLV WRRO
ZLWK VLPSOLILFDWLRQ RI OLQHDU OLIW SRODU VKRZHG XQDFFHSWDEOH
UHVXOWV GXH WR LWV LQFDSDELOLW\ WR SUHGLFW DHURG\QDPLF
FRHIILFLHQWV DW SRVWVWDOO DQJOH RI DWWDFNV /LNHZLVH DQ
XQFHUWDLQW\ LQ HYDOXDWLQJ SUHFLVH UHVXOWV PLJKW RFFXU GXH
WR WKLV OLPLWDWLRQ HVSHFLDOO\ LQ SRVWVWDOO EODGH $ VOLJKW
LQFUHDVH LQ WRUTXH REVHUYHG LQ WKH H[SHULPHQWDO UHVXOW LV
SRVVLEO\ GXH WR WKH KHDY\ PDWHULDO DOXPLQLXP XVHG LQ WKH
EODGH
)LJXUH  &RPSDULVRQ RI %(07 VLPXODWLRQ DQG WKH
FRUUHVSRQGLQJ PHDVXUHPHQWV IRU KRYHU FDVH 9  
D WKUXVW E WRUTXH VHH RQOLQH YHUVLRQ IRU FRORXUV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 6WUXFWXUDO PRGHO )%($0
7KH VWUXFWXUDO DQDO\VLV LV EDVHG XSRQ WKH XVH RI
DQLVRWURSLF EHDP ILQLWH HOHPHQW PRGHO WR GHWHUPLQH WKH
EODGH GHIOHFWLRQV GXULQJ RSHUDWLRQ 7KH )%($0 FRQVLVWV
RI DQ LQWHJUDWHG VHW RI SURJUDPV ZKLFK SHUIRUP D
WZRGLPHQVLRQDO FURVVVHFWLRQDO DQDO\VLV RI WKH EODGH
IROORZHG E\ D RQHGLPHQVLRQDO ILQLWH HOHPHQW RI D SURSURWRU
EODGH $ JOREDO FRRUGLQDWH V\VWHP VKRZQ LQ )LJXUH  LV
XVHG IRU WKH GHVFULSWLRQ RI WKH EODGH JHRPHWU\ DQG WKH
FDOFXODWLRQ RI WKH ORDGV 7KLV LV D ULJKWKDQGHG &DUWHVLDQ
FRRUGLQDWHV V\VWHP ZKHUH WKH <D[LV LV FROLQHDU ZLWK WKH
SURSURWRU URWDWLRQ D[LV DQG LWV SRVLWLYH LQ WKH GLUHFWLRQ
RI IOLJKW 7KH =D[LV LV LQ WKH SODQH RI URWDWLRQ DQG
SRLQWV WRZDUGV WKH EODGH WLS 7KH ;D[LV LV FKRUGZLVH
GLUHFWLRQ ZKHUH WKH IHDWKHULQJ D[LV LV UHIHUUHG WR ,Q WKLV
VWXG\ IHDWKHULQJ D[LV ZDV VHW DW TXDUWHUFKRUG %(&$6
%ODVTXHV DQG /D]DURY  D FURVVVHFWLRQDO DQDO\VLV
WRRO ZKLFK LV GHYHORSHG DW 'HQPDUN 7HFKQLFDO 8QLYHUVLW\
'78 ZDV LQFRUSRUDWHG LQ WKLV VWUXFWXUDO DQDO\VLV SURJUDP
7KH PRWLYDWLRQ RI HPSOR\LQJ %(&$6 LQ WKLV WZRVWHS
VWUXFWXUDO PRGHO LV GXH WR WKH IDFW WKDW %(&$6 KDV DELOLW\
WR GHWHUPLQH WKH FURVV VHFWLRQ VWLIIQHVV SURSHUWLHV ZKLOH
DFFRXQWLQJ IRU DOO WKH JHRPHWULFDO DQG PDWHULDO LQGXFHG
FRXSOLQJV 7KHVH SURSHUWLHV DUH DOVR FRQVHTXHQWO\ XWLOLVHG LQ
WKH GHYHORSPHQW RI EHDP PRGHOV WR DFFXUDWHO\ SUHGLFW WKH
UHVSRQVH RI SURSURWRU EODGHV ZLWK FRPSOH[ JHRPHWULHV DQG
PDGH RI DGYDQFHG PDWHULDOV
)LJXUH  &RPSDULVRQ RI %(07 VLPXODWLRQ DQG WKH
FRUUHVSRQGLQJ PHDVXUHPHQWV ZLWK LQIORZ
9   PV D WKUXVW E WRUTXH VHH RQOLQH
YHUVLRQ IRU FRORXUV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)LJXUH  *OREDO FRRUGLQDWH V\VWHP RI WKH EODGH
)LJXUH  )LQLWH HOHPHQW EHDP PRGHO DQG FURVVVHFWLRQDO
DQDO\VLV
)LJXUH  &URVV VHFWLRQ FRRUGLQDWH V\VWHP D IRUFHV DQG
PRPHQWV E VWUDLQV DQG FXUYDWXUHV
D E
7KH OLQHDU UHODWLRQ EHWZHHQ WKH FURVV VHFWLRQ WKDW
JHQHUDOLVHG IRUFHV T DQG PRPHQWV M >)LJXUH D@ DQG
WKH UHVXOWLQJ VWUDLQV DQG FXUYDWXUHV >)LJXUH E@ LV ZULWWHQ
LQ D VWLIIQHVV IRUP DV IROORZV

Tx
Ty
Tz
Mx
My
Mz


=


S11 S12 S13 S14 S15 S16
S21 S22 S23 S24 S25 S26
S31 S32 S33 S34 S35 S36
S41 S42 S43 S44 S45 S46
S51 S52 S53 S54 S55 S56
S61 S62 S63 S64 S65 S66




τx
τy
τz
κx
κy
κz



ZKHUH Sij LV WKH VHFWLRQDO VWLIIQHVV PDWUL[ 8VLQJ WKH
VHFWLRQDO VWLIIQHVV PDWUL[ DQG PDVV PDWUL[ REWDLQHG LQ
%(&$6 WKH HOHPHQWDO VWLIIQHVV PDWUL[ DQG PDVV PDWUL[
DUH HYDOXDWHG (ODVWLF HQHUJ\ DQG NLQHWLF HQHUJ\ RI WKH
EHDP HOHPHQW DUH FRQVLGHUHG LQ RUGHU WR FRPSXWH WKH
HOHPHQWDO SURSHUWLHV 7KH ILQDO IRUP RI HODVWLF HQHUJ\ DQG
NLQHWLF HQHUJ\ DUH ZULWWHQ LQ HTXDWLRQV  DQG 
UHVSHFWLYHO\
Ke =
∫ L
0
BTSBdz 
Me =
∫ L
0
NTMsNdz 
ZKHUH Ms VHFWLRQDO PDVV PDWUL[ LV WKH VWUDLQGLVSODFHPHQW
PDWUL[ DQG 1 LV WKH SRO\QRPLDO PDWUL[ 7KH GHWDLOV
HTXDWLRQ XVHG LQ WKHVH UHODWLRQVKLSV ZKHUH QR FRXSOLQJV
LQFOXGHG DUH GHVFULEHG LQ .LP HW DO  *OREDO
VWLIIQHVV RI WKH EODGH LV REWDLQHG WKURXJK VSDQZLVH
LQWHJUDWLRQ $V IRU WKH RQHGLPHQVLRQDO ILQLWH HOHPHQW
WKH URWDWLQJ 7LPRVKHQNR EHDP WKHRU\ GHWDLOHG DV LQ
6XEVHFWLRQ  LV XVHG IRU FRQVLGHULQJ ILQLWH HOHPHQW
DQDO\VLV 6WDWLF HTXLOLEULXP HTXDWLRQV DUH VROYHG ZLWK WKH
JHRPHWULF ERXQGDU\ FRQGLWLRQV LQ RUGHU WR FRPSXWH WKH
VKDSH IXQFWLRQ :LWK WKH REWDLQHG VKDSH IXQFWLRQ WKH
SULQFLSOH RI YLUWXDO GLVSODFHPHQWV LV XVHG WR GHULYH WKH
HOHPHQWDO VWLIIQHVV $QG IRU WKH SXUSRVH RI LQWHJUDWLRQ D
*DXVV TXDGUDWXUH LV XVHG ZKHUH IRU WKLV VWXG\ IRXUQRGHV
RQHGLPHQVLRQDO HOHPHQWV ZHUH FKRVHQ )RU VWUXFWXUDO
PRGHO YDOLGDWLRQ D VWDWLF DQDO\VLV RQ D UHFWDQJXODU SODQIRUP
ZLWK GLPHQVLRQ  PP ×  PP ×  PP
ZDV SHUIRUPHG *UDSKLWHHSR[\ ZLWK PDWHULDO SURSHUWLHV
E11 = 129GPa E22 = 9.4GPa E33 = 9.4GPa
G12 = 5.16GPa G13 = 4.3GPa G23 = 2.54GPa ν =
0.3 DQG ρ   NJP3ZDV XVHG 7KH SO\ DQJOH ZLWK
UHVSHFW WR SLWFK D[LV ZDV 30◦ 7KH UHVXOW REWDLQHG LQ
)%($0 ZDV YDOLGDWHG E\ FRPPHUFLDO VWUXFWXUDO DQDO\VLV
SURJUDP QDPHO\ 06F 1DVWUDQ DQG WKH YDOLGDWLRQ UHVXOW LV
LOOXVWUDWHG LQ )LJXUH 
 5RWDWLQJ FRXSOHG 7LPRVKHQNR EHDP
$V WKH EODGH LV PRGHOOHG DV D URWDWLQJ FDQWLOHYHU
7LPRVKHQNR EHDP IHDWXULQJ IODSZLVH EHQGLQJ ± ODJZLVH
EHQGLQJ ± WRUVLRQ FRXSOLQJ RI DUELWUDU\ FURVV VHFWLRQ DQG
VSDQ KHQFH H[SUHVVLRQ RI WKH HODVWLF HQHUJ\ DQG NLQHWLF
HQHUJ\ RI WKH EHDP HOHPHQW FRQVLGHULQJ FHQWULIXJDO IRUFH
HIIHFW HPSOR\HG LQ WKH RQHGLPHQVLRQDO EHDP PRGHO LV
GHSLFWHG LQ WKLV VHFWLRQ %\ WKH FRQVLGHUDWLRQ RI FRXSOLQJ
EHQG WZLVW IHDWXUHV D ZLGH UDQJH RI VWUXFWXUHV FDQ EH WKHQ
DQDO\VHG IURP EHDPSODWHV WR PRQRFRTXH ER[ EHDPV WR
IXOO\ EXLOGLQ VWUXFWXUHV +RZHYHU WKH VROLG EODGH ZLWK
UHFWDQJXODU SODQIRUP PDGH XS RI ODPLQDWHG FRPSRVLWH
PDWHULDO LV D IRFXV LQ WKLV VWXG\ 7KH H[SUHVVLRQ IRU
WKH SRWHQWLDO HQHUJ\ GXH WR IODSZLVH EHQGLQJ FKRUGZLVH
EHQGLQJ DQG WRUVLRQ Ubt LV JLYHQ E\
Ubt =
1
2
∫ L
0
∫ ∫ A
(σzzεzz)dηdξdz
=
1
2
∫ L
0
∫ ∫ A
(Eε2zz)dηdξdz

ZKHUH A LV WKH FURVVVHFWLRQDO DUHD DQG E LV WKH <RXQJ¶V
PRGXOXV
7KH XQLIRUP VWUDLQ ε0 DQG WKH DVVRFLDWHG D[LDO
GLVSODFHPHQW u0 GXH WR WKH FHQWULIXJDO IRUFH T (z) DUH
UHODWHG WR HDFK RWKHU DV IROORZV
u
′
0
= ε0 =
T (z)
EA

ZKHUH WKH FHQWULIXJDO IRUFH LV H[SUHVVHG DV IROORZV
T (z) =
∫ L
z
ρA(R0 + z)Ω
2dz 
+HUH ρ LV WKH PDWHULDO GHQVLW\ DQG R0 LV WKH KXE UDGLXV
)LJXUH  )%($0 YDOLGDWLRQ E\ 06F 1$675$1
D IODSZLVH GHIOHFWLRQ E WRUVLRQ VHH RQOLQH
YHUVLRQ IRU FRORXUV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%\ VXEVWLWXWLQJ WKH FRPSRQHQW RI WKH VWUDLQ WHQVRU ZLWK
UHVSHFW WR VSDQZLVH LQWR HTXDWLRQ  WDNLQJ LQWHJUDWLRQ
RYHU WKH EODGH FURVVVHFWLRQ WKH IROORZLQJ IODSZLVH
EHQGLQJ ± ODJZLVH EHQGLQJ ± WRUVLRQ SRWHQWLDO HQHUJ\
H[SUHVVLRQ LV REWDLQHG
Ubt =
1
2
∫ L
0
{T (z)[(v
′
)2 + (w
′
)2 +
Iα
ρA
(ψ
′
)2
− 2e1ϕ
′
y − 2e2ϕ
′
z] + EIξξ(ϕ
′
y)
2
+ EIηη(ϕ
′
z)
2}dz

ZKHUH Iα LV WKH PDVV PRPHQW RI LQHUWLD DERXW WKH HODVWLF
D[LV Iξξ Iηη DQG Iξη DUH WKH VHFRQG PRPHQWV RI LQHUWLD
DQG J LV WKH WRUVLRQDO ULJLGLW\ FRQVWDQW 7KH H[SUHVVLRQ IRU
WKH SRWHQWLDO HQHUJ\ GXH WR VKHDU Us LV JLYHQ E\
Us =
1
2
∫ L
0
∫ ∫ A
(τzηγzη + τzξγzξ)dηdξdz
=
1
2
∫ L
0
∫ ∫ A
G(γ2zη + γ
2
zξ)dηdξdz

ZKHUH G LV WKH VKHDU PRGXOXV
6XEVWLWXWLQJ FRPSRQHQWV RI WKH VWUDLQ WHQVRU LQWR
HTXDWLRQ  WDNLQJ LQWHJUDWLRQ RYHU WKH EODGH
FURVVVHFWLRQ WKH IROORZLQJ H[SUHVVLRQ IRU WKH SRWHQWLDO
HQHUJ\ GXH WR VKHDU LV REWDLQHG
Us =
1
2
∫ L
0
{kAG(w
′
− ϕ
′
y)
2 + kAG(v
′
− ϕ
′
x)
2
+ GJ(ψ
′
)2}dz

ZKHUH k LV WKH VKHDU FRUUHFWLRQ IDFWRU kAG LV WKH VKHDU
ULJLGLW\ DQG GJ LV WKH WRUVLRQDO ULJLGLW\ RI WKH EHDP
FURVVVHFWLRQ 6XPPLQJ HTXDWLRQV  DQG  JLYHV WKH
WRWDO VWUDLQ HQHUJ\ H[SUHVVLRQ
U =
1
2
∫ L
0
{T (z)[(v
′
)2 + (w
′
)2 +
Iα
ρA
(ψ
′
)2 − 2e1ϕ
′
x
− 2e2ϕ
′
y] + EIξξ(ϕ
′
x)
2 + EIηη(ϕ
′
y)
2
+ kAG(w
′
− ϕ
′
y)
2 + kAG(v
′
− ϕ
′
x)
2
+GJ(ψ
′
)2}dz

7KH ORDG FDXVHG E\ WKH ERG\ IRUFHV JHQHUDWHG E\ WKH FHQWUDO
DFFHOHUDWLRQ ILHOG LQFOXGLQJ FHQWULIXJDO HIIHFWV DUH LQFOXGHG
LQ WKH VWUXFWXUDO PRGHO 7KH VWUHWFKLQJ LQGXFHG E\ WKH
FHQWULIXJDO LQHUWLD IRUFH GXH WR WKH URWDWLRQDO PRWLRQ FDXVHV
WKH LQFUHPHQW RI WKH EHQGLQJ VWLIIQHVV RI WKH VWUXFWXUH ZKLFK
QDWXUDOO\ UHVXOWV LQ WKH YDULDWLRQ RI QDWXUDO IUHTXHQFLHV DQG
PRGH VKDSHV (LJHQIUHTXHQFLHV DUH FDOFXODWHG DW GLIIHUHQW
URWDWLRQDO VSHHG 7KH &DPSEHOO GLDJUDP )LJXUH  LV
KHQFH REWDLQHG WR VSRW WKH GDQJHURXV FURVVLQJV 2QO\ WKH
ILUVW VL[ PRGDO VROXWLRQV DUH H[WUDFWHG ,W FDQ EH VHHQ
WKDW WKH HLJHQIUHTXHQFLHV RI WKH PRGHV GLVSOD\ D VPDOO
LQFUHDVLQJ WUHQG ZLWK DQ LQFUHDVLQJ URWDWLRQDO VSHHG GXH
WR WKH VWLIIHQLQJ HIIHFW ZKLFK DULVHV ZLWK WKH FHQWULIXJDO
ORDGV 6HYHUDO VLPXODWLRQV ZHUH FDUULHG RXW WR REVHUYH WKH
RSHUDWLQJ FRQGLWLRQ DQG ILEUH RULHQWDWLRQ HIIHFW RQ EODGH
GHIRUPDWLRQV ZKLFK ODWHU ZLOO EH XVHG IRU SUHGLFWLRQ LQ
WKH GHVLJQ SURFHVV )LJXUH  LOOXVWUDWHV WKH HIIHFW RI
XVLQJ DQLVRWURSLF PDWHULDO RQ WKH EHQGLQJ DQG WRUVLRQ
GHIRUPDWLRQV )LJXUH  GHPRQVWUDWHV WKH GHIRUPDWLRQV DW
GLIIHUHQW 530 )URP WKH UHVXOW LQ )LJXUH   LW LV IRXQG WKDW
WKH ORDG LQ IODSZLVH GLUHFWLRQ QRW RQO\ SURGXFHV IODSZLVH
GHIOHFWLRQ EXW DOVR WRUVLRQ
)LJXUH  9DULDWLRQV RI WKH ORZHVW VL[ QDWXUDO IUHTXHQFLHV RI D
URWDWLQJ EODGH VHH RQOLQH YHUVLRQ IRU FRORXUV
0 500 1000 1500 2000 2500 3000
0
100
200
300
400
500
600
700
800
900
Rotational speed, Ω (rpm)
F
re
q
u
e
n
c
y
, 
(H
z
)
Campbell Diagram
Mode 1
Mode 2
Mode 3
Mode 4
Mode 5
Mode 6
)LJXUH  (IIHFW RI ILEUH RULHQWDWLRQ RQ EODGH GHIRUPDWLRQV
β = 150 530   D IODSZLVH GHIOHFWLRQ
E WRUVLRQ VHH RQOLQH YHUVLRQ IRU FRORXUV
0 0.05 0.1 0.15 0.2
0
0.005
0.01
0.015
0.02
0.025
0.03
F
la
p
w
is
e
 D
e
fl
e
c
ti
o
n
 (
m
)
Spanwise position (m)
[0°]
5
[30°]
5
[45°]
5
D
0 0.05 0.1 0.15 0.2
−6
−5
−4
−3
−2
−1
0
1
T
o
rs
io
n
,θ
 (
°)
Spanwise position (m)
[0°]
5
[30°]
5
[45°]
5
E
)LJXUH  %ODGH GHIRUPDWLRQV DW GLIIHUHQW 530
ILEUH DQJOH  300 D IODSZLVH GHIOHFWLRQ
E WRUVLRQ VHH RQOLQH YHUVLRQ IRU FRORXUV
0 0.05 0.1 0.15 0.2
0
0.01
0.02
0.03
0.04
0.05
0.06
F
la
p
w
is
e
 D
e
fl
e
c
ti
o
n
 (
m
)
Spanwise position (m)
RPM=900
RPM=1100
RPM=1300
RPM=1500
RPM=1700
D
0 0.05 0.1 0.15 0.2
−20
−15
−10
−5
0
T
o
rs
io
n
,θ
z
 (
°)
Spanwise position (m)
RPM=900
RPM=1100
RPM=1300
RPM=1500
RPM=1700
E
 &RXSOHGDHURVWUXFWXUH )$(
,Q RUGHU WR FRPSXWH WKH EODGH GHIRUPDWLRQ XQGHU
DHURG\QDPLF ORDGLQJV WKH FRXSOHGDHURVWUXFWXUH &$6
PRGHO LV GHYHORSHG 7KH FRXSOHG DHURVWUXFWXUH RI
WKH SURSURWRU FRPELQHV WKH DHURG\QDPLF DQG VWUXFWXUDO
DQDO\VLV PRGHOV 7R EHJLQ ZLWK WKH EDVLF JHRPHWU\ ]HUR
GHIOHFWLRQV LV DVVXPHG 7KHQ WKH )%($0 VWUXFWXUDO
PRGHO FDOFXODWHV WKH EODGH GHIRUPDWLRQV XQGHU FHQWULIXJDO
ORDGV 7KH GHIRUPHG EODGH VKDSH LV XVHG WR XSGDWH WKH
DHURG\QDPLF PRGHO 7KH TXDVLVWHDG\ DHURG\QDPLF ORDGV
DUH FRPSXWHG IRU WKH XSGDWH JHRPHWU\ XVLQJ WKH '
DHURG\QDPLF WKHRU\ EDVHG RQ VWULSZLVH PDQQHU PRGHO
DV GHVFULEHG LQ 6HFWLRQ  7KH DHURG\QDPLF ORDGV
DUH WUDQVIHUUHG WR WKH EHDP )( QRGHV DV FRQFHQWUDWHG
IRUFHV $ QHZ VWUXFWXUDO DQDO\VLV LV SHUIRUPHG WR FDOFXODWH
WKH GHIRUPHG VKDSH RI WKH EODGH XQGHU WKH LQIOXHQFH
RI DHURG\QDPLF DQG FHQWULIXJDO ORDGV 7KH YDULDWLRQ RI
WKH EODGH WZLVW DQJOH DORQJ WKH EODGH LV PRQLWRUHG IRU
FRQYHUJHQFH 7KH DHURVWUXFWXUDO LQWHUDFWLRQ LV UHSHDWHG
XQWLO HTXLOLEULXP EHWZHHQ GHIRUPDWLRQ DQG ORDGLQJV LV
DFKLHYHG 7KH FRQYHUJHQFH FULWHULD VHW LQ WKLV LWHUDWLYH
SURFHVV LV  × 10−6
$IWHU FRQYHUJHQFH WKH SURSURWRU SHUIRUPDQFH FKDUDFWHULVWLFV
DUH FRPSXWHG 7KH DSSURDFK GHVFULEHG DERYH ZDV DSSOLHG
WR WKH FRQVWDQW FKRUG XQWZLVWHG EODGHG V\VWHP IRU
8$9VL]HG SURSURWRU PDGH RI ODPLQDWH FRPSRVLWH 7KH
GHIOHFWLRQ UHVXOWV LQ WZR EDVLF PRGHV RI GHIRUPDWLRQ
VSDQZLVH EHQGLQJ DQG WRUVLRQ 7KH HIIHFWV RI DLUIRLO FDPEHU
FKDQJHV DUH QRW LQFOXGHG LQ WKLV VWXG\ GXH WR OLPLWDWLRQ
LQ WKH PRGHOOLQJ ,WHUDWLRQ  GHQRWHV WKH GHIOHFWLRQ GXH WR
FHQWULIXJDO ORDGV RQO\ DQG WKH UHVW LQFOXGH WKH DHURG\QDPLF
ORDGV )LJXUH  VKRZV WKH FRUUHVSRQGLQJ YDULDWLRQ RI WKH
FDOFXODWHG WKUXVW DQG SRZHU FRHIILFLHQWV
7KH HIIHFW RI VLQJOHVWHS 66 VLPXODWLRQ ZKHUH WKH
VLPXODWLRQ VWRSV DW ILUVW LWHUDWLRQ DQG &$6 VLPXODWLRQ
ZKHUH WKH LWHUDWLYH SURFHVV LV FRQYHUJHG ZKHQ HTXLOLEULXP
EHWZHHQ GHIRUPDWLRQ DQG ORDGLQJ LV DFKLHYHG ZDV
LQYHVWLJDWHG DQG WKH UHVXOW LV LOOXVWUDWHG LQ )LJXUH 
$ VOLJKW HIIHFW RQ GHIRUPDWLRQ LV REVHUYHG ZKLFK LV
DSSUR[LPDWHO\ ◦ LQ WRUVLRQ DQG  PP LQ IODSZLVH
GHIOHFWLRQ DW EODGH WLS +RZHYHU WKH SHUIRUPDQFH LQFUHDVHV
 E\ WKLV HIIHFW
)LJXUH  9DULDWLRQ RI WKUXVW FRHIILFLHQW DQG SRZHU FRHIILFLHQW
GXULQJ WKH LWHUDWLRQ D WKUXVW FRHIILFLHQW
E SRZHU FRHIILFLHQW VHH RQOLQH YHUVLRQ IRU FRORXUV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 ([SHULPHQWDO VHWXS
2SWLFDO PHDVXUHPHQW WHFKQLTXHV KDYH EHHQ GHYHORSLQJ
IRU D FRXSOH RI \HDUV LQ DSSOLFDWLRQV RI DHURG\QDPLFV
PDWHULDOV DQG VWUXFWXUH VXFK DV KRORJUDSKLF LQWHUIHURPHWU\
+, HOHFWURQLF VSHFNOH SDWWHUQ LQWHUIHURPHWU\ (63,
SURMHFWLRQ PRLUH´ LQWHUIHURPHWU\ 30, DQG GLJLWDO LPDJH
FRUUHODWLRQ ',& :LOOLDPV  )OHPLQJ DQG *RUWRQ
 REWDLQHG WKH ' GHIRUPDWLRQ RI URWRU EODGH XVLQJ
30, WHFKQLTXH +RZHYHU LW KDV ORZ VHQVLWLYLW\ IRU LQSODQH
GHIRUPDWLRQ DQG PRGHUDWH IRU RXWRISODQH GHIRUPDWLRQ %\
FRQWUDVW ',& KDV D UHODWLYHO\ KLJK VHQVLWLYLW\ WKDW FDQ
UHDFK  RI WKH WHVW ILHOG 6FKPLGW HW DO 
/DZVRQ DQG -D\DQW  GHPRQVWUDWHG WKH GHIRUPDWLRQ
RI D URWDWLQJ EODGH XVLQJ ',& 7KH WHFKQLTXH ZDV IRXQG
WR KDYH PDQ\ DGYDQWDJHV LQFOXGLQJ KLJK UHVROXWLRQ UHVXOWV
QRQLQWUXVLYH PHDVXUHPHQW DQG JRRG DFFXUDF\ RYHU D UDQJH
RI VFDOHV +RZHYHU ',& QHHGV D SUHSURFHVVLQJ ZKLFK LV
WR DSSO\ D VWRFKDVWLF VSHFNOH SDWWHUQ WR WKH VXUIDFH E\
VSUD\LQJ LW ZLWK D KLJKFRQWUDVW DQG QRQUHIOHFWLYH SDLQW
7KLV FRPSOH[ SDLQWLQJ ZLOO SUREDEO\ DIIHFW WKH VWLIIQHVV RI
EODGH +HQFH LQ WKLV VWXG\ ODVHU GLVWDQFH VHQVRU /'6 ZDV
GHYHORSHG WR PHDVXUH EODGH GHIRUPDWLRQ DQG YDOLGDWH WKH
DERYH QXPHULFDO PRGHOV $V LV VKRZQ LQ )LJXUH  WKH WZR
/'6V DUH GULYHQ E\ WUDFN V\VWHPV WR VFDQ WKH EODGH IURP
EODGH URRW WR WLS ZLWK DQ LQFUHPHQWDO GLVWDQFH  PP
)LJXUH  /'6 ULJ VHH RQOLQH YHUVLRQ IRU FRORXUV
7KH /'6 XVHG LQ H[SHULPHQW LV .(<(1&( /.*
7KH GLVWDQFH RI UHIHUHQFH LV  PP DQG WKH UDQJH RI
PHDVXULQJ FDQ EH EHWZHHQ ± PP WR  PP 7KH
VDPSOLQJ IUHTXHQF\ RI WKLV ODVHU ZDV VHOHFWHG DV  +]
$W HDFK EODGH VHFWLRQ WKH ODVHU VFDQV IRU WZR VHFRQGV
)LQDOO\  GDWD SRLQWV ZHUH REWDLQHG WRWDOO\ IRU HDFK
VHFWLRQ
)LJXUH  3RVWSURFHVVLQJ SURFHGXUH RI /'6 PHDVXULQJ
7KH SRVWSURFHVVLQJ RI /'6 PHDVXUHPHQW LV VKRZQ LQ
)LJXUH  )LUVWO\ /'6 UHFRUGV WKH = FRRUGLQDWHV ZKLFK LV
WKH GLVWDQFH IURP WKH SRVLWLRQ GHWHFWHG RQ EODGH VXUIDFH WR
UHIHUHQFH SODQH 0HDQZKLOH VTXDUH ZDYH LQ WLPH GRPDLQ LV
PHDVXUHG E\ 530 VHQVRU 7KHQ DYHUDJH 530 DQG DQJXODU
VSHHG DW HDFK EODGH VHFWLRQ FDQ EH H[WUDFWHG IURP WKH VTXDUH
ZDYH )XUWKHUPRUH ZLWK WKH D]LPXWK RI IHDWKHULQJ D[LV
SRODU FRRUGLQDWHV LV SRVVLEOH WR EH WUDQVIHUUHG WR &DUWHVLDQ
FRRUGLQDWHV ; DQG < &RPELQLQJ FRRUGLQDWHV ; < DQG
= D SRO\QRPLDO VXUIDFH ILWWLQJ LV SHUIRUPHG WR REWDLQ WKH
EHQGLQJ DQG WRUVLRQ RI URWDWLQJ EODGH )LJXUH  VKRZV
WKH VXUIDFH ILWWLQJ YLVXDOLVDWLRQ RI D GHIRUPHG EODGH 7R
HYDOXDWH WKH IOH[LEOH EODGH SHUIRUPDQFH WKH WKUXVW DQG
WRUTXH ZHUH PHDVXUHG XVLQJ WZR WUDQVGXFHUV 7KH FORVHXS
RI PRXQWHG EODGH LV VKRZQ LQ )LJXUH 
)LJXUH  6XUIDFH ILWWLQJ RI D GHIRUPHG EODGH VHH RQOLQH
YHUVLRQ IRU FRORXUV
)LJXUH  &ORVHXS RI PRXQWHG EODGH VHH RQOLQH YHUVLRQ
IRU FRORXUV
 5HVXOW YDOLGDWLRQV
7KH YDOLGDWLRQ UHVXOWV LQ SHUIRUPDQFH DUH VKRZQ LQ )LJXUH
 $V FDQ EH VHHQ WKH )3523 DJUHHV ZHOO ZLWK
H[SHULPHQWDO GDWD RI WKUXVW +RZHYHU LW RYHUSUHGLFWV WKH
WRUTXH )LJXUHV  DQG  VKRZ D JRRG DJUHHPHQW RI
UHVSHFWLYHO\ IODSZLVH GHIOHFWLRQ DQG WRUVLRQ EHWZHHQ WKH
)$( VLPXODWLRQ DQG WKH H[SHULPHQWDO GDWD DV REWDLQHG IURP
/'6 PHDVXUHPHQWV 7KLV LV WKH UHVXOW REWDLQHG IRU WKH
EODGHV FODPSHG DW FROOHFWLYH SLWFK 35◦ 7KH IOXFWXDWLRQV WKDW
FDQ EH REVHUYHG WKURXJK VFDWWHUHG SORW RI GHIRUPDWLRQV DUH
WKH UHVXOWV E\ WKH SUHOLPLQDU\ SRVWSURFHVVLQJ PHWKRG ,Q
WKLV PHWKRG WKH GHIRUPDWLRQ ZDV H[WUDFWHG WKURXJK WKH GDWD
LQWHUSRODWLRQ DW HDFK VHFWLRQ 6LQFH WKH YLEUDWLRQ RI URWDWLQJ
EODGH SUREDEO\ JHQHUDWHG XQFHUWDLQW\ WR WKH /'6 GDWD LQ
VSDQZLVH KHQFH WKH GHIRUPDWLRQ H[KLELWV XQVPRRWKQHVV LQ
WKH SORWV 7KH PD[LPXP GHYLDWLRQ RI IODSZLVH GHIOHFWLRQ
DQG WRUVLRQ EHWZHHQ H[SHULPHQWDO PHDVXUHPHQW DQG )$(
VLPXODWLRQ DUH  DQG  UHVSHFWLYHO\ ZKLFK DUH
FRQVLGHUDEO\ DFFHSWDEOH
)LJXUH  7KUXVW DQG WRUTXH RI ULJLG DQG IOH[LEOH SURSURWRU DW
GLIIHUHQW URWDWLRQDO VSHHG 9   D WKUXVW
E WRUTXH VHH RQOLQH YHUVLRQ IRU FRORXUV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 &RQFOXVLRQV
$V FRQFOXVLRQV WKH HYDOXDWLRQ RI GHVLJQ WHFKQLTXHV ERWK
IRU WKH DHURG\QDPLF SHUIRUPDQFH DQG IRU WKH VWUXFWXUDO
EHKDYLRXU RI D FRPSRVLWH IOH[LEOH SURSURWRU KDV EHHQ
SUHVHQWHG LQ URWRU PRGHV 7KH QXPHULFDO PRGHO KDV
FDSDELOLW\ RI SUHGLFWLRQ LQ SURSURWRU DHURG\QDPLFV DQG
VWUXFWXUH 7KH PRGHO SUHVHQWV FRXSOLQJ EHWZHHQ DQLVRWURSLF
EHDP ILQLWH HOHPHQW PRGHO DQG DQ DHURG\QDPLF PRGHO
WKDW WDNHV LQWR FRQVLGHUDWLRQ WKH ORZ 5H\QROGV QXPEHU
DHURG\QDPLF 7KH LQIOXHQFH RI GHIRUPDWLRQV LV WDNHQ LQWR
DFFRXQW GXULQJ WKH LWHUDWLRQ SURFHGXUH 7KH QXPHULFDO
PRGHO WKDW XWLOLVHV WKH DERYHGHVFULEHG DSSURDFK KDV
DOVR EHHQ H[SHULPHQWDOO\ YDOLGDWHG E\ /'6 WHFKQLTXH
DQG WUDQVGXFHUV RI WKUXVW DQG WRUTXH 7KURXJK YDOLGDWLRQ
UHVXOWV RI ERWK DHURG\QDPLF DQG VWUXFWXUDO PRGHO LW
FDQ EH FRQFOXGHG WKDW WKH GHYHORSHG QXPHULFDO PRGHO
LV YDOLG DV D UHOLDEOH WRRO IRU GHVLJQLQJ DQG DQDO\VLQJ
WKH SURSURWRU PDGH RI FRPSRVLWH PDWHULDO $GGLWLRQDOO\
WKH GHYHORSHG VWUXFWXUDO PRGHO ZKLFK XVHV FURVVVHFWLRQDO
DQDO\VLV HQDEOHV D PRUH FRPSOH[ EODGH ZLWK KLJKO\WZLVWHG
DQGRU DUELWUDULO\VKDSHG EODGHV WR EH HIILFLHQWO\ DQDO\VHG
$V SHUVSHFWLYHV DQ LQYHVWLJDWLRQ RI VWDWLF DHURHODVWLFLW\ RQ
WKH 8$9VL]HG IOH[LEOH SURSURWRU ZLOO EH FDUULHG RXW XVLQJ
WKH YDOLGDWHG QXPHULFDO PRGHO ,Q IXWXUH WKH VWXG\ ZLOO
IRFXV RQ SURSHOOHU PRGHV DQG RSWLPLVDWLRQ LQ FRPSRVLWH
ODPLQDWHV WR HQKDQFH WKH SURSURWRU HIILFLHQF\ /LNHZLVH
EDVHG RQ LQYHUVH PHWKRG WKH ORDGV RQ EODGH DUH H[SHFWHGO\
DEOH WR EH GHGXFWHG IURP EODGH GHIRUPDWLRQ
)LJXUH  &RPSDULVRQ RI WRUVLRQ EHWZHHQ )$( VLPXODWLRQ DQG
FRUUHVSRQGLQJ PHDVXUHPHQWV VHH RQOLQH YHUVLRQ
IRU FRORXUV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$FNQRZOHGJHPHQWV
7KH DXWKRUV ZRXOG OLNH WR WKDQN 5H´P\ &KDQWRQ
3DWULFN 0RUHO 3KLOLSSH %DUULFDX 6HUJH *HUDUG 3DWULFN
&D]HQDYH 3KLOLSSH 0RXOLJQH IURP $HURG\QDPLF
/DERUDWRU\ RI ,6$( DQG ;DYLHU )RXOTXLHU IURP FRPSRVLWH
/DERUDWRU\ RI ,6$( IRU WKHLU WHFKQLFDO DGYLFHV DQG
DVVLVWDQFHV /LNHZLVH WR &KLQD 6FKRODUVKLS &RXQFLO &6&
DQG 0DOD\VLDQ 0LQLVWU\ RI +LJKHU (GXFDWLRQ 02+( IRU
WKHLU ILQDQFLDO VXSSRUWV
5HIHUHQFHV
$GNLQV &1 DQG /LHEHFN 5+  µ'HVLJQ RI RSWLPXP
SURSHOOHUV¶ -RXUQDO 3URSXOVLRQ DQG 3RZHU 9RO  1R 
SS±
%ODVTXHV -3 DQG /D]DURY %  %HFDV Y D &URVVVHFWLRQ
$QDO\VLV 7RRO IRU $QLVRWURSLF DQG ,QKRPRJHQHRXV %HDP
6HFWLRQV RI $UELWUDU\ *HRPHWU\ 7HFKQLFDO 5HSRUW5 
7HFKQLFDO 8QLYHUVLW\ RI 'HQPDUN
'UHOD 0  ;)2,/ $Q $QDO\VLV DQG 'HVLJQ 6\VWHP
IRU /RZ 5H\QROGV 1XPEHU $LUIRLO /RZ 5H\QROGV 1XPEHU
$HURG\QDPLFV 86$
'UHOD 0  (OHPHQWV RI $LUIRLO 'HVLJQ 0HWKRGRORJ\ LQ
$SSOLHG &RPSXWDWLRQDO $HURG\QDPLFV 9RO  SS±
$,$$ 3URJUHVV LQ $HURQDXWLFV DQG $VWURQDXWLFV 6HULHV
)OHPLQJ *$ DQG *RUWRQ 6  µ0HDVXUHPHQW RI URWRUFUDIW
EODGH GHIRUPDWLRQ XVLQJ SURMHFWLRQ PRLUH LQWHUIHURPHWU\¶
3URFHHGLQJV RI WKH 7KLUG ,QWHUQDWLRQDO &RQIHUHQFH RQ
9LEUDWLRQ 0HDVXUHPHQWV E\ /DVHU 7HFKQLTXHV $GYDQFHV DQG
$SSOLFDWLRQV 63,( ± 7KH ,QWHUQDWLRQDO 6RFLHW\ IRU 2SWLFDO
(QJLQHHULQJ $QFRQD ,WDO\ -XQH
+HLQ %5 DQG &KRSUD ,  µ+RYHU SHUIRUPDQFH RI D PLFUR
DLU YHKLFOH URWRU DW ORZ UH\QROGV QXPEHU¶ -RXUQDO $PHULFDQ
+HOLFRSWHU 6RFLHW\ 9RO  1R  SS±
-RQHV 57  :LQJ 7KHRU\ 3ULQFHWRQ 8QLYHUVLW\ 3UHVV
2[IRUG 8.
.LP 7 %UDQQHU . DQG +DQVHQ $0  µ'HYHORSLQJ
DQLVRWURSLF EHDP HOHPHQW IRU GHVLJQ FRPSRVLWH ZLQG WXUELQH
EODGHV¶ LQ 3URFHHGLQJV RI WKH WK ,QWHUQDWLRQDO &RQIHUHQFH
RQ &RPSRVLWH 0DWHULDO -HMX .RUHD $XJXVW
/DLWRQH (9  µ:LQG WXQQHO WHVWV RI ZLQJV DW UH\QROGV
QXPEHUV EHORZ ¶ -RXUQDO ([SHULPHQWV LQ )OXLGV
9RO  1R  SS±
/DZVRQ 06 DQG -D\DQW 6  0HDVXUHPHQW RI GHIRUPDWLRQ
RI URWDWLQJ EODGHV XVLQJ GLJLWDO LPDJH FRUUHODWLRQ¶
6WUXFWXUDO '\QDPLFV DQG 0DWHULDOV &RQIHUHQFH QG
$,$$$60($6&($+6$6& 6WUXFWXUHV SS± 'HQYHU
&RORUDGR $SULO
/HLVKPDQ -  +HOLFRSWHU $HURG\QDPLFV QG HG
&DPEULGJH 1HZ <RUN 86$
0F9HLJK 0$ DQG 5RVHQVWHLQ +-  µ$HURG\QDPLF GHVLJQ
RI WKH ;9 DGYDQFHG FRPSRVLWH WLOW URWRU EODGH¶ WK
$QQXDO )RUXP RI WKH $PHULFDQ +HOLFRSWHU 6RFLHW\ SS±
0RKG=DZDZL ) 0RUOLHU - *URQGLQ * DQG 0RVFKHWWD
-0  µ'HVLJQ RI RSWLPXP WRUVLRQDOO\ IOH[LEOH
SURSURWRUV IRU WLOWERG\ 0$9V¶ -RXUQDO $SSOLHG
0HFKDQLFV DQG 0DWHULDOV 9RO  SS±
'2, ZZZVFLHQWLILFQHW$00 ,661

1L[RQ 0:  ,PSURYHPHQWV WR 7LOW 5RWRU 3HUIRUPDQFH
WKURXJK 3DVVLYH %ODGH 7ZLVW &RQWURO 1$6$ 7HFKQLFDO
0HPRUDQGXP  SS±
6FKPLGW 7 7\VRQ - DQG *DODQXOLV .  µ)XOOILHOG
G\QDPLF GLVSODFHPHQW DQG VWUDLQ PHDVXUHPHQW XVLQJ
DGYDQFHG ' LPDJH FRUUHODWLRQ SKRWRJUDPPHWU\ 3DUW ¶
-RXUQDO ([SHULPHQWDO 7HFKQLTXHV 9RO  1R  SS±
6KNDUD\HY 6 0RVFKHWWD -0 DQG %DWDLOOH % 
µ$HURG\QDPLF GHVLJQ RI PLFUR DLU YHKLFOHV IRU YHUWLFDO
IOLJKW¶ -RXUQDO RI $LUFUDIW 9RO  1R  SS±
6XQDGD 6 6DNDJXFKL $ DQG .DZDFKL .  µ$LUIRLO
VHFWLRQ FKDUDFWHULVWLFV DW D ORZ 5H\QROGV QXPEHUV¶ 7UDQV
$60( -RXUQDO RI )OXLGV (QJLQHHULQJ 9RO  1R 
SS±
7D\ORU -5  $Q ,QWURGXFWLRQ WR (UURU $QDO\VLV 7KH
6WXG\ RI 8QFHUWDLQWLHV LQ 3K\VLFDO 0HDVXUHPHQWV 8QLYHUVLW\
6FLHQFH %RRNV 6DXVDOLWR &DOLIRUQLD
7KLS\RSDV & DQG 0RVFKHWWD -0  µ([SHULPHQWDO DQDO\VLV
RI D IL[HG ZLQJ YWRO PDY LQ JURXQG HIIHFW¶ ,QWHUQDWLRQDO
-RXUQDO RI 0LFUR $LU 9HKLFOH 9RO  1R  SS±
:LOOLDPV '&  2SWLFDO 0HWKRGV LQ (QJLQHHULQJ 0HWURORJ\
&KDSPDQ DQG +DOO /RQGRQ 8.
